ABSTRACT The carbonate binding site on horse cytochrome c was mapped by comparing the yields of carboxydinitrophenyl-cytochromes c, each with a single carboxydinitrophenyl-substituted lysine residue per molecule, when the modification reaction was carried out in the presence and absence of carbonate. The site is located on the "left surface" of the protein and consists of lysine residues 72 and/or 73 as well as 86 and/or 87 (Carbonate Site). Although one of the binding sites for phosphate on cytochrome c (Phosphate Site 1) is located near the carbonate site, the sites are distinctly different since carbonate does not displace bound phosphate, as monitored by 31P NMR. Furthermore, citrate interacts with Phosphate Site I with high affinity, whereas chloride, acetate, borate, and cacodylate have a much lower affinity for this site, if they bind to it at all. The affinity of phosphate for Phosphate Site I (KD = 2 X 10-4 M) is at least 1 order of magnitude higher than it is for other sites of interaction.
Cytochrome c is a highly basic protein and it is not surprising that it interacts with anions (1). The earliest direct evidence for anion binding came from the observation that certain anions decreased the electrophoretic mobility of the protein (2, 3) . Binding stoichiometries, affinities, and locations have since been examined by a variety of techniques. Among these are direct measurements by gel filtration (4) as well as studies of the effects of anions on (i) the reduction potential of cytochrome c (5, 6) , ( ii) the JH NMR spectrum of the protein (7), (iii) the chromatographic mobilities of carboxydinitrophenyl cytochromes c, each with a single carboxydinitrophenyl-substituted lysine residue per molecule [monoCDNP-cytochrome(s) c] (8, 9) , (iv) the interaction of various native and chemically modified cytochromes c with cytochrome c oxidase (10-13, §) , cytochrome c peroxidase (14, 15) , or nonphysiological oxidants and reductants (16) (17) (18) (19) (20) (21) (22) , (v) the interaction of phosphate (monitored by 31P NMR) (12, §) or of chloride (monitored by 31C1 NMR) (23) with the protein, and (vi) the oxidation of threonyl residues after the reduction of ferricytochrome c by ferrous ion (22) .
Notwithstanding this work, there is no consensus as to the locations at which various anions bind to cytochrome c or their binding affinities. Since lysines constitute most of the protein's cationic side chains, our studies of lysine modification by reaction with 4-chloro-3,5-dinitrobenzoate (8, 9, 24 ) and 2,4,6-trinitrobenzene sulfonate (25) have afforded an opportunity to modify the e-amino groups directly involved in anion binding. The relative proportions of the monoCDNP-cytochromes c, modified at lysine residue 7, 8, 13, 22, 25, 27, 39, 60, 72, 73, 86, 87, or (28) . MonoTNP-cytochrome c substituted at lysine residue 13 was purified by cation-exchange chromatography on columns of CM-cellulose (microgranular, Whatman) as described (25) .
MonoCDNP-cytochrome c was prepared by the procedure of Brautigan et al. (8, 9) . Cytochrome c (1 mM) was treated with a 5-fold molar excess of 4-chloro-3,5-dinitrobenzoate in 200 mM sodium borate or 200 mM sodium carbonate (pH 9.0) at 230C. The reaction was stopped after approximately 1.5 CDNP groups had beenm incorporated per molecule of cytochrome c, as determined by the absorbance of CDNP-lysine at 450 nm (8) . MonoCDNP-cytochromes c substituted at lysine residue 7, 8, 13, 22, 25, 27, 39, 60, 72, 73, 86, 87 , or 99 were purified on columns of CM-cellulose (9) in sodium borate buffers (pH 8.6) that contained 2.5 M ethanol (24) .
The substitued lysine residues were identified by peptide mapping of chymotryptic and tryptic digests and by determining the amino acid compositions of the modified peptides (9, 24) . The distributions of reaction products were determined as described (8) .
Pulsed Fourier transform 31P NMR spectra were the averages of 100 to 500 transients and were recorded by using 10 mm (29) .
RESULTS
Anions have a profound influence on the reactivity of lysine residues in cytochrome c (Fig. 1) . Indeed, the rate of trinitrophenylation of the protein at pH 7.0 was 2.6 times faster in cacodylate than in phosphate (Fig. 1A) , and the rate of carboxydinitrophenylation of horse cytochrome c at pH 9.0 was 4.6 times faster in borate than in carbonate (Fig. 1B) .
Although the proportion of monoTNP-cytochrome c formed was the same when the reaction was carried out in phosphate (40.6% of total cytochrome c) or in cacodylate (40.3%), the distribution of products was markedly different. In the elution profiles of the trinitrophenylation reaction mixtures, one sees that the yield of fraction I in the cacodylate buffer ( Fig. 2A ) was 21% greater than its yield in the phosphate buffer (Fig. 2B) . This occurred at the expense of fraction II, whose yield decreased by 34%. Unfortunately, no additional information could be obtained from the trinitrophenylation. Despite multiple chromatographic separations, the only reaction product that could be isolated in pure form was monoTNP-cytochrome c substituted at lysine residue13, which made up 82% of fraction I in the cacodylate-and 77% in the phosphate-buffered reaction.
To determine the influence of anions on the reactivity of many of the protein's 19 lysine residues, horse cytochrome c was reacted with 4-chloro-3,5-dinitrobenzoate in carbonate and in borate buffers at pH 9.0. Thirteen different monoCDNPcytochromes c were separated in pure form and their relative yields determined (8, 24) . The proportion of monoCDNPcytochromes c in the reaction mixture obtained in the carbonate buffer (38.0% of total cytochrome c) was essentially the same as that obtained in the borate buffer (40.3%). However, the distribution of products differed greatly (Fig. 3) . The most striking difference was that the monoCDNP-cytochromes c substituted at lysine residues 73 and 86 were obtained in significant quantities in the presence of borate but were completely absent when carbonate was used. Additionally, the percent yield of the monoCDNP-cytochromes c substituted at lysine residues 72, 87, and 13 increased 52%, 46%, and 12%, respectively, in borate buffer, compared with carbonate buffer. These increases took place at the expense of modification at every other lysine residue in the protein.
The simplest explanation of the ability of carbonate to shield specific lysine residues from chemical modification is that the anion interacts with their e-amino groups. Thus, the Carbonate Site must be located on the left side of cytochrome c (Fig. 4) (8) . The yields in the presence of carbonate were taken from Brautigan et al. (8, 9) . Because monoCDNP-cytochromes c substituted at lysine residues 7 and 25 were not resolved in the original study, they are listed together. ;. lysine) and 8.0 and 9.4 A from the /3-carbons of lysine residues 72 and 87, respectively. Since the van der Waals radius of carbonate is about 2.5 A (31) and the fl-carbon-to-E-amino distance in lysine is 5 A, these four lysines are all within bonding distance of the anion. The fact that this site has the highest net positive charge on the surface of the protein (32, 33) enhances the probability of its serving as an anion binding site. The only other lysine residue that showed some shielding by both phosphate (Fig. 2) and carbonate ( Fig. 3 ) was lysine 13 . This effect was small and may have resulted from either a weak interaction of the anions with this residue or an indirect influence of the polyvalent anion binding. The anion binding site described above is in the same general region of the protein as one of the two sites ascribed to phosphate (Phosphate Site I) (8, 9) , to citrate (12) , and to a phosphate-ferrous ion complex (22) . To determine whether the Carbonate Site was indeed the same as this phosphate/citrate site, 31P NMR competition studies were carried out. In the presence of the protein, it was found that the phosphate peak shifted downfield by a maximum of about 0.4 ppm. Upon addition of citrate, the phosphate peak shifted back about a third of the way toward the position of unbound phosphate. Increasing the competing anion concentration beyond 12 mM (compared to 8 mM phosphate) caused no further shift (Fig.  5A) The binding of phosphate was titrated by varying the concentration of ferricytochrome c at a constant concentration of the anion at pH 7.8 (Fig. SB) . This revealed the presence of one high-affinity phosphate binding site with an apparent KD of about 2 X 10-4 M and one or more sites of lower affinity with apparent KD values in the millimolar range. In the presence of citrate, the high-affinity binding of phosphate was greatly decreased, whereas the low-affinity binding was largely unaffected (Fig. 5B) . This demonstrates that the one common binding domain for citrate and phosphate (Phosphate Site I) is in fact the high-affinity phosphate binding site. The presence of 24 mM chloride had no effect whatsoever on the high-affinity interaction of phosphate with cytochrome c, but high ratios of chloride to cytochrome c clearly diminished binding at the lower-affinity sites.
DISCUSSION
The present work has mapped the binding site for carbonate on cytochrome c. It is located on the left side of the protein (Fig.  4) , centered between lysine residues 72, 73, 86, and 87. Although Phosphate Site I is located on the top left of the protein in the area of lysine-87, it appears to be different from the Carbonate Site. Moreover, Phosphate Site I was shown to be the high-affinity binding site for phosphate, and it also interacts with citrate.
Biochemistry: Osheroff et All of these anions increase the stability of the closed heme crevice structure of cytochrome c, measured by the pKa of the 695 nm absorption band (25) , and inhibit noncompetitively the reaction between cytochrome c and cytochrome c oxidase, as monitored polarographically by using the dye N,N,N',N'-tetramethylphenylenediamine to reduce the enzyme-bound cytochrome c (refs. 10 25, 26, and 27 (8, 9, 13, 18) , Lys-His-Lys, in horse cytochrome c. This site was first defined from the effect of phosphate on the 'H NMR spectrum of the protein (18) . It has since been confirmed from the influence of phosphate on the ion-exchange chromatography of monoCDNP-cytochromes c (8, 9) and on the kinetics of reaction of yeast iso-i and iso-2 cytochromes c with beef cytochrome c oxidase (13 (8, 9, 12, 13, 18, 
§).
Two chloride binding sites, originally observed by free-flow electrophoresis (2, 3), have also been described. One appears to be located on the front of the molecule in the vicinity of the exposed heme edge (20, 23) . The only residue that has been implicated in this binding site is lysine 13 (20) . The other was defined from the effect of anions on the 'H NMR peak corresponding to the e-amino protons of lysine residue 60, located on the back surface of horse cytochrome c (18) . Only halide anions were found to interact with this site.
The presence of several different anion binding sites on horse cytochrome c may resolve apparent contradictions in the literature. Whereas Stellwagen and Shulman (18) found that chloride did not interact with Phosphate Site II and Osheroff et al. (12, §) found that chloride did not displace phosphate from either Phosphate Site I or Phosphate Site II, Andersson et al. (23) , using MsCI NMR, reported that phosphate could displace bound chloride. Clearly, the different authors are monitoring different anion binding sites. Although chloride does not interact with the high-affinity Phosphate Site 1 (12, §) (Fig.  5 ) or with Phosphate Site 1 (18) , it can displace phosphate from some low-affinity binding sites (Fig. 5) . Similarly, phosphate will interact with chloride sites in the concentration ranges tested (23) .
A further complication is that the reported dissociation constants for the binding of phosphate to ferricytochrome c vary from 2.3 X 10-5 M to 5.9 X 10-2 M (4, 6, 16, 23) and to ferrocytochrome c, from 1 X 10-2 M to no detectable interaction (4, 6, 21, 23 ). An even wider range has been reported for the binding of chloride, with KD values varying from 2 X 10-6 M to 5.9 X 10-2 M for ferricytochrome c (4, 6, 20, 23) and from 1 X 10-2 M to no detectable binding for ferrocytochrome c (4, 6, 20, 23 
